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A New Tool

Researchers have been culturing cells for
more than a hundred years. Despite this
century’ s many technological advances, tech-
niques for cell culturing have not changed
significantly. Today, cellsaretypically grown
in petri dishesor in flasks, just asthey were a
century ago. The cells are placed in these
containers with a liquid media, a substance
with nutrients the cells need to grow — and
grow they do, inaflat layer onthebottom of the

The tool that is revolutionizing tissue culturing:
NASA's rotating bioreactor

container. Cells grown in vitro, or outside the
body, intwo-dimensional layersdo not behave
in the same way as cells grown in vivo, or
inside the body. In vivo cells grow three-di-
mensionally and form tissue that consists of
cells that have changed their structure to per-
form a specific function in the body and other
components, called matrix, that the specialized
cellssecrete. Invitro cellsdo not specialize, or
differentiate. This poses obvious limits to re-
searchusinginvitrocellstounderstand mecha-
nisms that govern cell behavior and tissue
formation, both normal and abnormal. It also
puts the brakes on any attempts to grow tissue
in vitro for replacement of defective or dam-
aged tissue inside the body.
Though the limitations of
standard culturing practiceshave
been apparent for sometime, so-
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fore might assemble and form tissue that more
closely resemblestissuein the body. Although
the goal wasto attempt tissuegrowth in micro-
gravity, Pellisexplainsthat the JSC group soon
turned their efforts to creating a culturing de-
vice that simulated some aspects of micro-
gravity on the ground: “If we had to take
everything to space in order to conceptualize
this device, it would be a long, arduous, and
expensive process.” The wiser path, and the
one the JSC group took, wasto first conceptu-
alize the new culturing method on the ground.

Stirringthecellsintheir containerstokeep
them from settling seemed aplaceto start. But
stirring, as Pellis points out, can prove very
deleterioustothecells: “Most cellsdo not like
to get beaten around by mechanical shear or
hydrodynamic shear.” Hydrodynamic shear
occurs when aliquid rolls over an object and
wears it away. Like the action of water over
rocks in a streambed, the stirred liquid media
damagesthe cellsasit rushes over and around
them. The cells experience mechanical shear
when they bump into the side of the vessel or
are hit by one of the propellers used to stir the
media. Pellisnotesthat thereare primarily five
cell typesin the body that would be tol erant of
the mechanical and hydro-dynamic shear cre-
ated by stirring. Those include red and white
blood cellsand thecellsthat lineblood vessels.
“Thosecellsareequippedto handlethat kind of
damage, but everything elseisreally not happy
inthat environment,” saysPellis. “The greater
predominance of cell typesthat wewould want
to propagate are those that require avery qui-
escent environment. How do you keep cells
suspended and yet have avery quiescent envi-
ronment?’

The question consumed the JSC group
through the mid-1980s. In 1987, three mem-
bers of that group were close to a solution.
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David Waolf, then directing the effort to de-
velop the new cell growth technology; Ray
Schwartz, a bioengineer for Krug Life Sci-
ences, Inc.,aNASA contractor; and Tinh Trinh,
an engineering technician also working for
Krug, had asateam devised asystem in which
an upright cylindrical vessel — abioreactor —
about the size of a soup can was rotated using
an electric drill. With this setup, they were
attempting to establishwhat Pelliscallsa“ sus-
pension modality.” But the team had not been
able to achieve this state with the model sys-
tem. Then one day, Trinh decided to turn the
rotating vessel on its side. That was the mo-
ment, says Pellis, that everything went into
suspension: “That is how they discovered it.
From there, they realized that as long as they
kept the cylinder completely filled with fluid,
the cells should remain suspended and no stir-
rer was needed.” They called that first device
the Slow-Turning Lateral Vessel (STLV), and
it was ready for some serious testing.

An Early Believer

In 1987, J. Milburn Jessup wasworking at
the University of Texas M. D. Anderson Can-
cer Center with hismentor, 1. J. Fidler. Fidler's
main interest wasin understanding metastasis,
or how carcinoma cells spread from a primary
to a secondary site in the body. Fidler won-
dered whether there was something about the
three-dimensional structure of a host tissue
that made it susceptible to colonization by
malignant cells. “We were thinking along the
lines of trying to get some sort of culture
system that would mimic some aspects of this
three-dimensional growth,” remembers Jessup.

Pellis, then also working at the Medical
School of the University of Texas, Houston,
and afriend of Jessup’s, recommended that he
go to JSC where an old colleague, Thomas
Goodwin, was working with the
group that wastrying to devise a
new culture system. The device

Jessup saw when hewent to JSC
was far beyond the cylinder
drivenby anelectricdrill. Jessup
remembers that when Schwartz
and Wolf made the presentation
of their system, hewasimpressed:
“They had long-duration motors

gravity, they would not settle to
the bottom of the culturing con-
tainer; rather, they would be sus-
pended in the media and there-

Cells cultured on Earth (left) typically settle quickly on the bottom of culture
vessels due to gravity. In microgravity (right), cells remain suspended and
aggregate to form three-dimensional tissue.

and parts that seemed to me to
indicate that the engineering as-
pects of this were really very
well thought-out. Thisbioreactor



prototypewaslikely to be rugged and durable.
At that point, they werelooking for cellsto put
intoit.” Jessup wassurethissystemheld prom-
ise.“l wasn't skeptical,” Jessup recalls. “| was
more drawn by how dedicated this group was
to working hard to develop a product. They
needed hel pintermsof resourcesand supplies,
which we could offer, to make this reactor
vessel functional. | didn't have any hesitation
that thiswould in fact be a useful incubator. |
thought it was perfectly logical.”

Jessup’ sconfidenceturnsout to havebeen
well-placed. The JSC group had tried culturing
hamster kidney cells in the STLV, but the
results had not been what the group had hoped
for. Jessup first provided JSC with a ssimple
human colorectal carcinoma cell line. Then,
when that met with success, the group wanted
to attempt acancer cell/normal cell interaction
— a coculture. Jessup describes the result:
“Fairly largetissue aggregates grew, and these
had the ability to really recapitulate the mor-
phology or appearance of what occursin vivo
in mice.” Three-dimensional tissue masses,
resembling a cancer tumor, had grown in the
STLV."Someyearslater,” saysJessup, “those
resultswerepublished. They demonstrated that
the vessel was very good for these kinds of
cocultures. We demonstrated a synergy not
evident in other culture systems.”

Work began on preparing aculturing sys-
temfor ashuttleflight. Althoughthebioreactor
wouldbeinamicrogravity environment aboard
the space shuttle, and the cellswould therefore
be in suspension without vessel rotation, the
same system developed for the ground was
modified for usein space. The cylinder that is
the rotating bioreactor isjust apart of alarger
system designed for keeping cells alive by
providing all the resourcesthey would havein
abody. Pellis says that JSC had developed an
integrated system: “It has a reactor — the
culturevessel itself — but inaddition, it hasits
own ‘lung,” itsown ‘heart,’ its own food sup-
ply, and its own waste management.” Adapt-
ing that system for space hardware rather than
starting from scratch made the most sense.

Jessup wasthefirst investigator to usethe
space hardware, although he explains that his
experiment was primarily a test of the space
system. JSC designed the experiment, and he
providedthecellsandtheanalysis. Onceagain,
Jessupwasproviding resourcesthat JSC needed
initsquesttomaketheir rotatingwall bioreactor
afunctional, useful device. “Thehardwarewas
really developed before decisions were made
as to the development of experiments that
would goinit,” says Jessup. “At least for this
type of research, that is not necessarily bad,
because in cell biological research, everyone
uses the same types of culturetools. Peoplein
cell biology all useastandard set of petri dishes
or flasks for everything they do, so the vessel,
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These photos compare the results of Jessup's
1995 flight and ground control experiments in
colon carcinoma culturing. The cells grown in
microgravity (left) have aggregated to form
masses that are larger and more similar to tissue
found in the body than the cells cultured on the
ground (right).

once you build it, can be used for multiple
purposes.”

After several spaceflight trials, JSC's
Bioreactor Demonstration Systemflew onboard
the shuttlein July 1995 as part of STS-70, with
cells provided by Jessup. The experiment was
not only an engineering success but also a
scientific one. Jessup’ s sample of colon carci-
noma cells aggregated to form masses 10 mm
in diameter. These masses were 30 times the
volume of those grown in the control experi-
ment on the ground. The experiment was re-
peated in August 1997 on STS-85, and mature
differentiatedtissuesamplesweregrownagain,
confirmingthepreviousresults— microgravity
was an environment beneficial to cell culture
and tissue growth.

A Life of lts Own

Although Jessup was an early believer in
NASA’srotating bioreactor, Pellisrecallsthat
others had doubts. “The biological scientific
community was rightfully skeptical of some-
thing that was such a radical change,” says
Pellis. In the early 1990s, a small group of
about a dozen interested investigators from
universities were coming to JSC to try the
rotating bioreactor inground-based studies. As
documentation of their resultsstarted to appear
in established journals, word slowly began to
spread. Theword, according to Pellis, wasthat
“you could get three-dimensional tissuearrays
that looked like more than just globs of cells.”
Thethree-dimensional arrayshad specific char-
acteristics that made them identifiable as a
particular kind of tissue. “For instance,” ex-
plains Pellis, “when you placed a cartilage
sample in the system and propagated it, the
piece of tissue that grew, when you cut it and
analyzed it like a pathologist, looked like a
piece of cartilage. The same was true of colon
cancer, prostate cancer, and lymphoid tissue.”

As interest grew in this new culturing
system, supply roseto meet the demand. Inthe
early 1990s, while investigations were being
conducted at JSC, Ray Schwartz and another
Krug employee formed a new company,

Synthecon, Inc., to manufacture the rotating
bioreactor. NASA licensed them to produce
the system, and with the help of some short-
term Small Business Innovation Research
awards from NASA, Synthecon had the sys-
tems, which they called rotating wall vessels,
available on the commercial market by 1994.
Commercia availability has meant that many
groups that have no connection to NASA now
have the rotating bioreactor. Pellis interprets
the use of the bioreactor by private companies
asahealthy sign: “| don’tthink NASA isgoing
toknow everythingthat everyoneisdoingwith
these things. It means that now the interest is
running on its own inertia.”

Pellis has his hands full tracking and sup-
portingtheresearch of scientistswho arework-
ing with the rotating wall vessel under NASA
grants. When Pellis took over as director of
NASA'’s tissue culturing program in 1994,
therewere 14 investigatorsformally sponsored
by theprogram. Today thereareapproximately
125 investigators using this technological ap-
proach in their research. That growth is not
only the natural result of the spreading of the
word through the discipline literature, but also
the result of JSC taking the word out to the
scientists. Pellisreportsthat the JSC group has
put on workshops and symposia at the meet-
ingsof themajor cell science societies, includ-
ingtheSociety for InVitroBiology, the Ameri-
can Society for Microbiology, and the Ameri-
can Society for Cell Biology, and met with an
enormousamount of interest inthetechnol ogy.
Responses to the NASA Research Announce-
ment in biotechnology have increased accord-
ingly, and Pellis notesthat interest in the rotat-
ing bioreactor isdeveloping, for the most part,
on two sides of afence: “One side is applica
tions, meaning building tissue, whether it is
tissue for research or for transplantation. The
other side is study of those properties of cells
that change because the cells arein freefall.”

Building Tissue

Pellis believes that in the next five to ten
years, the rotating bioreactor will begin to
routinely producetissuefor research andtrans-
plantation. The tissue produced to date in the
rotating wall vessel hasalready offered unique
research opportunities. “ Thisisthefirst time,”
says Pellis, “that we have alook at the dynam-
ics of a three-dimensional arrangement in a
cultured setting. For instance, we can grow a
human colonic polyp from individual cells.
Observing that particular three-dimensional
dynamic is an investigation of cancer that can
lead to the development of therapeutic treat-
ments. That is not something from ‘Ripley’s
Believe It or Not.” That is going to happen.”

The National Institutes of Health (NIH)
also believe it is going to happen. Sixteen
research projects involving tissue culturing in



therotating bioreactor are currently under way
at the joint NASA/NIH Center for Three-Di-
mensiona Tissue Culture at the Institute of
Child Health and Human Development. The
two agenciesjoined to form the center in 1994
under an agreement that the NIH would pro-
videthelab and NASA would providerotating
bioreactors and other support. The combina-
tion of NASA technology and NIH expertise
hasalready resultedinthe successful cultureof
several infectious agents that are difficult to
grow and control in a culture setting. Pellis
points to the growth of Cyclospora, a parasite
that lives in berries and causes extreme gas-
trointestinal distress when eaten, as an ex-
ample of the project’s success: “No one has
been able to grow Cyclospora in culture until
this year, when researchers at the joint center
took anew approach and cultured the organism
with cells from the small bowel.” The tissue
samplesgrown in therotating bioreactor at the
center are being used to design therapeutic
drugs or antibodies, “or aternatively,” says
Pellis, “for designing a strain of the organism
from which a vaccine could be produced.”
Cyclosporais not abig threat in America, but
worldwide it is responsible for a significant
percentage of infant deaths from dehydration.
Researchers at the joint center have also had
successculturing thehumanimmunodeficiency
virus (HIV-1). Pellis acknowledges that HIV
has been propagated before without the rotat-
ing bioreactor, but at thejoint center,theNASA
technology has made possible the propagation
of the virus in human lymphoid tissue. Those
samples are giving scientists an opportunity to
observethevirusinfull dynamic process, which
should provide a new perspective on the dis-
ease and on possible treatments.

Tissue engineering for transplantation is
also progressing well with several projectsthat
are, according to Pellis, “close to fruition.”
Closest of these is a project to culture human
pancreatic islet cells for transplantation into
diabetic patientsfor the control of insulin pro-
duction. A company called VivoRx is cur-
rently using the rotating bioreactor to culture
the differentiated pancreatic cells, which are
then encapsulated in treated seaweed mem-
branes to make them acceptabl e to the human
immune system. Once transplanted, the cells
secrete the appropriate amount of insulin for
regul ating the body’ sblood sugar levels. Inthe
rotating bioreactor, the small number of pan-
creatic cells provided by donors will be ex-
panded to the number of cells required to
successfully treat patients presently requiring
daily insulininjections. Theencapsulated cells
are currently being tested in human patients.
Jessup finds this use of the rotating bioreactor
particularly impressive: “Therereally isause-
ful market for the bioreactor in that type of
application. Anyoneworking onthetransplan-

At Kennedy Space Center, Timothy Hammond
(left) and James Kaysen (right), of the Tulane
Environmental Astrobiology Center, and Tho-
mas Goodwin (center), of JSC, ready their cell
experiment for its April 1998 shuttle flight in
the Bioreactor Demonstration System (shown
on table).

tation of organs may be able to use the
bioreactor’s properties to expand or cultivate
cells.”

A Novel Look

The other side of the fence in bioreactor
research is using the culture technique to gain
what Pellis calls “a novel look at the cell.”
Pellis notes that while using the bioreactor to
engineer better tissuesampl es, several research-
ers have observed that cells adopt some inter-
esting adaptive modes while freefalling in the
rotating bioreactor on the ground and in orbit.
Pellisbelievesthat by watching the reaction of
the cellsto the new environment of suspension
or microgravity, scientists will discover more
about the mechanisms that control the cells
behavior. “ Besidesbeing ableto grow tissues,”
says Pdllis, “we now have anew and fascinat-
ing way to seeinside the cell.”

Timothy Hammond is an example of a
researcher who started out using the bi oreactor
to engineer tissue and ended up using it to find
the mechanisms within the cells that control
differentiation. Hammond and his team at the
Tulane Environmental Astrobiology Center,
which isjointly sponsored by Tulane Univer-
sity, Xavier University, and the VA Medical
Center in New Orleans, were studying protein
receptorsthat bind commontoxinsintheproxi-
mal tubule, a microscopic tube in the kidney.
Hammond explains that the kidney often is
damaged by drugs and toxins contained in
strong antibiotics. “We were interested in the
proteins that get bound in the kidney by these
toxins. We wanted to culture the cells that
make these proteins, to develop protective
agents,” says Hammond. “But the problem is
that thereis no cell culture line that expresses
the relevant proteins. If you take akidney cell
and put it into a cell culture, a day later it no

longer hasany of itsspecial features. Sowehad
alot of interestinfinding acell culture method
that would keep the special features of tissues
intact.”

Hammond tried over 400 different cell
typesand cell culture techniques searching for
a way to retain the specia features of the
differentiated cells of the tubule, such as mi-
crovilli, hair-like structures found in sometis-
sues. He met with no success. Then he read
about results of culture experiments in the
rotating bioreactor, and he immediately con-
tacted NASA. “Wetried therotating wall ves-
sel,” remembersHammond, “ and to our shock,
surprise, and delight, the tissue was beautiful.
All the hair, the microvilli, growson thecells,
andthey expressall thespecialized proteinswe
needed. The results were very dramatic.”

Though these results were striking,
Hammond thought that culturing the cells in
space might produce even more spectacular
samples because in orbit, the tissue masses
would not be limited by size. On Earth, when
the cells aggregate into three-dimensional
massesin the rotating bioreactor, they eventu-
aly reach asize at which they aretoo heavy to
be suspended by the rotating action of the
vessel. If the rotation is increased to keep the
aggregates suspended, they arethrown against
the vessel wall, which damages the tissue. “If
we weretruly going to understand how differ-
ent cellsgrow together to form atissuewith all
itsmedical implications,” saysHammond, “we
had to find some way to get out of the limits
caused by gravity. Thatiswhy wewantedtofly
the renal tubular cells.”

Hammond's first opportunity to conduct
an experiment in microgravity was during the
sixth Mir research increment, from September
1997 to January 1998. Hammond chose to
grow rat renal tubular cells in NASA’s Bio-
technology Specimen Temperature Control-
ler, acell incubator, onboard the Russian space
station, Mir. He chose rat kidney cells for his
sample because he needed cells that would
grow and differen-tiate over the entire four

During the STS-90 shuttle flight in April 1998,
Hammond's human renal tubular cells formed
large tissue aggregates (visible as white masses
in the lower left corner of the sample above).
Hammond was able to use the samples to
identify key genes in the control of differentiation.



Astronaut David Wolf makes notes about
Hammond's sample of rat renal tubular cells
(above his head) onboard Russian Space Sta-
tion Mir. Wolf is one of the co-inventors of
NASA's rotating bioreactor.

monthsto help verify the function of the hard-
ware. Hammond reportsthat on Mir, thetissue
aggregates “grew beautifully” under the care
of astronaut David Wolf, one of the rotating
wall bioreactor’ sthreeinventors. “Wegot gor-
geous cell aggregates, bigger than the aggre-
gates grown in the control experiment on the
ground,” says Hammond. “And we saw the
proteinsthat wewereinterested in, the tubu-
lar toxin protein receptors, expressed in
flight.”

Hammond was pleased with these resullts,
but he wanted to know what mechanismin the
cells was causing differentiation and expres-
sion of the desired proteins in microgravity.
Genes control these functions, but identifying
which genesaredoingthecontrolling out of the
millionspresentinacell isclosetoimpossible.
Hammond reasoned that a comparison of the
genesthat are active in the cellsduring cultur-
ing in spaceflight to those that are active in
cultureontheground might helpin pinpointing
the specific genes responsible for differentia-
tion. Inearly 1998, Hammond cultured asample
of human renal tubular cellsin the Bioreactor
Demonstration System on the space shuttlefor
six days. Hammond reportsthat by comparing

the activity of 10,000 genes in the flight and
ground cultures, several of the control genes
for differentiation and three-dimensional tis-
sueformationwereidentified. Hammond even-
tually wants to use these findings to make
kidney implants for hormonal therapy. “With
the knowledge of the control genes,” says
Hammond, “we could control the proteinspro-
duced by tissueintherotating vessel by genetic
manipulation so we can give the patient a
better, longer-lasting implant. Our experiment
isavery exciting piece of basic science, but it
does have clinical correlatives.” Hammond is
certain that the rotating wall vessel will bring
such success to many other researchersin the
future. “I believe that NASA' s biotechnology
program is going to revolutionize the whole
field of cell biology,” saysHammond. “Infact,
it aready has.”

A Keyhole

Whilethe rotating bioreactor is providing
researcherswith anew way to seeinsideacell,
itisalso expectedto contributeto our effortsto
look out into our solar system and beyond.
Jessup and Pellis share the view that research
conducted in the rotating bioreactor will be a
prerequisite for space travel and colonization.
Jessup, currently at the University of Pitts-
burgh Medical Center, serves as the chairman
of the microgravity biotechnology discipline
working group, which advises NASA about
the potential and direction of the research pro-
gram. Jessup sees the primary role of the cell
culturing program as helping to ensure astro-
naut health. The program can do this, he says,
through research that “provides the underpin-
nings for many of the health disorders that
occur in space, such as anemia, bone matrix
loss, andkidney stoneformation.” Jessup points
toinvestigatorsalready using the bioreactor to
solve these problems. Among them are Pellis,
who has done work examining the behavior of
immune cells in microgravity that may lend
insight into the changes astronauts experience
in their immune systems during spaceflight,
and Lisa Freed and Gordana Vunjak-
Novakovic, researchers at the Massachusetts
Institute of Technology, who believe that re-
sults from their experiment to grow cartilage
on Mir might provide clues for understanding

why astronauts experience a weakening of
muscle and bone while in space. (See the pro-
file of Freed and Vunjak-Novakovic for more
about their experiment.)

Jessup also sees a continued role for the
rotating bioreactor onceastronautsareenroute
to new planetary destinations. The bioreactor
can provide a means for culturing red blood
cellsor skinintheevent of astronaut trauma. It
can also be used to culture unicellular organ-
isms like blue-green algae as a supplemental
food source or ameans of replenishing the air
supply for the spacecraft or for a planetary
colony. “Because such organisms are biologi-
cally renewable,” Jessup says, “they may be
cheaper in the long run than chemical agents
that could be used to create air and easier to
transport.” Pellisaddsthat thereispotential for
using the findings from bioreactor research to
send cells into space as exploratory probes.
Cell cultures could be designed to respond to
environmental conditions of other planetary
bodiesin such away that scientistscould judge
whether an environment is suitable for life.
“Using these probes,” says Pellis, “we could
determine if the atmosphere is supportive of
cells, if thereiswater, or if the environment is
amenable to propagation.”

Though Jessup is enthusiastic about the
contributions the bioreactor will make toward
engineering tissue on Earth and toward the
study of novel aspects of cell biology, it isthe
program’ srolein future space exploration that
hefinds most compelling: “In the next millen-
nium, wewill moveoff theEarth,” saysJessup,
“and quite frankly, | think that this bioreactor
technology is the primitive forerunner of the
technology that will enable usto do that. The
bioreactor represents a keyhole to the future.

Pellis also believes that the bioreactor is
the keyhole to a“new era” in tissue culturing
for research and applicationsboth on Earthand
inspace. That belief iswhy heaccepted NASA's
offer in 1994 to become director of the micro-
gravity tissue culturing program. Says Pellis,
“The opportunity for discovery in thisfieldis
high, and | am one researcher that was baited
and hooked by it. | think that for some cellular
functions, we are going to seeareal stepupin
understanding. | did not want to be just some-
one in the stands watching this happen.”

Additional information
OBPR: http.//spaceresearch.nasa.gov
Microgravity research: http://microgravity.nasa.gov
Microgravity newsletter: http.//mgnews.msfc.nasa.gov
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